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Radiation patterns resulting from an array of waveguide-
fed apertures, filled with assym1netrically cut dielectric inserts, 
in an infinite ground plane were investigated. The results of 
Blumbergl and Hemmen2 concerning single apertures were applied to 
a two-aperture array, with emphasis upon obtaining an array capable 
of scanning in the far field through changes in the permittivity 
of the assymmetrically cut dielectric inserts. 
Scanning was shown to be possible with up to a 60° scan 
angle with a ''push-pull" method of varying permittivities, in 
Y."hich the permlttivity of one insert is raised while the other 
is lowered. 
The aperture field data obtained by Hemmen was improved 
upon, a~1d the results used, with th~ aid of a computer, to pred:i.ct 
far Held patterns. 
In addition, standing waves present in an anechoic chamber 
constructed by Blumberg! were removed and improved performance 
characteristics of the chamber resulted. 
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I. INTRODUCTION 
The need for scanning arrays _arose out of the development 
of radar during the 1930's and l;O 1 s. Early radar models used 
mechanical scanning, but the need for higher scan speeds and 
tight 1nechanical tolerances resulted in several schemes for elec-
tronic scanning. An array of several antennas is normally used 
when electronic scanning is desired, with the principle behind 
electronic scanning being that the direction of the main beam 
may be changed by proper phasing of the individual antennas in 
the array. 
Blumbergl and Hemmen 2 studied the radiation pattern resulting 
from a single waveguide-fed aperture, filled with an assymmetric-
ally cut dielectric. insert, in an infinite ground plane. A certain 
degree of beam steering noted by these two observers led to the 
thought that an array of such apertures might also provide a 
means of beam steering and at the same time yield a much sharper 
beam than that available from an individual aperture. 
The object of this thesis was to investigate combinations of 
dielectric aperture loads that would permit far field scanning by 
an array of two apertures in an infinite ground plane, and to 
discuss how such an array might be used. Also, a computer program 
is included that permits determination of the far field pattern 
from known aperture data. 
In considering an array of aperture antennas, it was felt 
that of the many theoretical array va1:iables, several would be 
difficult, if not impossible, to va-ry in any practical array. 
. Therefore the cut angle, 8, of the dielectric inserts sho1vn in 
Figure la and the spacing between apertures was kept constant 
throughout the investigation and only the permittivity of each 
insert was varied. 
2 
Hemmen2 found that the maximum variation in direction of 
maximum radiation for a single aperture, with respect tci dielectric 
constant, occured for a cut angle of 60°. Accordingly, all patterns 
in this thesis are for inserts cut at a 60° angle. A frequency 
of 10.0 GHz was used throughout the thesis, and inserts having 
dielectric constants of value K= 1. 7, 3, 4, 5, 6, 7, 8, and 10 
were used. Figure lb illustrates the two aperture waveguide-fed 
array with dielectric inserts in place, and Figure lc shows the 
reference point for aperture measurements. A spacing of 2 wave-
lengths between aperture centers was used, which permitted mutual 
coupling effects to be neglected. 
In addition to the above, certain observed deficiencies in 
an anechoic chamber constructed by Blumberg1 were corrected. 
This material is presented in Appendix I. 










I I , 1 , ~v-aveguide L _____ _y 
Figure lb. Aperture array in an infinite ground plane 
dielectric 
insert 
Figure lc. Reference for aperture measurements 
3 
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II. REVIEW OF LITERATURE 
Phased array scanning antennas fall into three catergories3: 
Frequency scanning, beam switching, and phase shifting. Of these, 
the first two depend upon different lengths of transmission line 
to achieve beam steering, while the third method uses mechanical 
or electrical means to steer the beam. 
Considering the third category, Lax, Button, and Roth4 
discussed methods of using ferrites to obtain a phase shift in 
waveguides, while Reggia and SpencerS discussed applications of 
ferr.ites to beam steering. Reggia, et al., showed that, for a 
ferrite centered in the waveguide, energy tends to concentrate in 
the center of the waveguide, but they were primarily concerned 
1i7ith an array of slots cut into the waveguide wall. 
Severa.! authors have discussed means of shaping the electric 
field in the aperture of an open-ended waveguide to obtain beam 
steering. Beam, Astrahan, and Mathis6 investigated the effect of 
the geometrical shape of the aperture upon its radiation pattern. 
They also discussed the effect of symmetrical dielectric inserts. 
Kitsurega and Tachikawa7 combined tr.vo TE10 modes to obtain TE10 
and TEzo modes in a single aperture. Varying the amplitudrl and 
phase of the original TE10 modes resulted in beam steering. 
Blumbergl and Hemmen2 have investigated the effect of assym-
metrical dielectric inserts on a single aperture's radiation 
pattern, and noted steering of the beam for various combinations 
of cut angle and dielectric constant of the inserts. Blumbergl 
also developed a method of measuring the aperture field. 
5 
Harrington8, using equivalence and image theory, developed 
an equation for predicting the radiation pattern from the aperture. 
field distribution. Harrington's equation takes into account the 
vector nature of the aperture field, but standard approximations 
change the equation to a scalar form that greatly simplify its 
application. Silver9 discussed these approximations and derived 
equations for the far field in terms of the VSWR in the ~vaveguide 
feed. Hemmen2 extended Harrington's work to apply to the 
assymmetric dielectric insert. 
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III. PRELIMINARY INVESTIGATIONS 
A. MUTUAL COUPLING 
As remarked in the introduction, a center-to-center spacing 
between apertures of two ws.velengths was used. While this spacing 
would allow unwanted grating lobes to appear, it was felt that 
any closer spacing would pennit mutual coupling to affect the 
measured patterns. If scanning would prove to be feasible, 
grating lobes would be easier to cope with than would mutual 
coupling effects, since at pre.sent no mathematical equations are 
availa.ble to incorporate mutual coupling effects. 
The basis for ignori.ng mutual coupling is largely qualitative. 
Carter10 derived both equations and curves for an array of two 
thin coli.near half--wavelength dipoles of arbi. trary spacing. His 
curves indicate that for a center-to-center. spacing of two wave-
lengths the mutual impedance of the dipoles due to coupli.ng :i.s 
negligible in comparison to the self-impedance of each dipole and 
may be neglected. Carter's results are reproduced by Ransenll who 
also gives mutual impedance curves for broadband colin.ear dipoles, 
thus removing the thin dipole restriction of Carter. These curves 
also indicate that for a center-to-center spacing of two wave-
lengths, the mutual impedance between antennas is negligible. 
Hansen further relates, by use of Babinet's principle, the impedance 
of a slot in the end of a vraveguide to the impedance of a dipole, 
permitting direct application of both his and Carter's results for 
dipoles to slots in waveguides. 
7 
Continuing further, Hansen cites examples of measured mutual 
coupling between several types of antennas, including rectangular 
hoxns and makes a general statement11 that the mutual impedance of 
an antenna pair is much less than the self-··impedance of a single 
antenna for antennas spaced greater than A/2 apart, regardless 
of the type of antenna under consideration. 
The results of Carter. and Hansen are for A/2 dipoles(or slots) 
only, and as all apertures used in this thesis were 0.762A wide 
at 10.0 GHz, no exact determination of the degree of coupling 
present was made. Hansen, however, indicates that neither his 
nor Carter's results should change appreciably for a dipole or 
slot having a length other than A/2. 
The conclusion that may be drawn at this point is that Carter 
and Hansen showed that the mutual coupling between two colinear 
dipoles separated by a center-to-center spacing of two wavelengths 
may be neglected, and that these results may also be applied to 
wide slots, of which a waveguide-fed aperture is an example. 
This was the basis for ignoring mutual coupling effects in all 
work presented in this thesis. 
Neglecting mutual coupling effects permitted use of measured 
aperture field and far field pattern data for a single aperture, 
1 2 data that is available from previous work ' . 
B. ARRAY GEOMETRY AND FIELDS 
The electric field present in an unloaded waveguide, operating 
in the TE10 mode, varies sinusoidally with X and has no Y variations, 
8 
as indicated in Figure 2. Furthermore, Hemmen showed that the 
effect of an assymmetric dielectric insert is to introduce only 
higher order TEmo modes of operation, in which the electric field 
also varies sinusoidally with X and exhibits no Y variations. 
Therefore, for the coordinate system indica ted j_n Figure 1 b, the 
electric field in each aperture consists of an Ey component only. 
Because Ey varies only with X, the aperture field lleed only be 
measured along the X-axis. 
X 
z 
Figure 2. TE10 mode variation in waveguide 
In addition, physical makeup of the anechoic chamber used 
for far field pattern measurements restricted measurements to the 
XZ-plane. This led to the array geometry indicated in Figure 3. 
In general, the distance from a point in aperture #1 to a point 
P in space becomes 
(1) 
A standard approximation taken in far field measurements is 
r 0>> x 1 , in which case equation 1 reduces to 
--,~, 



















In the same manner 
(3) 
A method of developing the equations for predicting the far 
field pattern is based upon equivalence and image theory and the 
concept of fields in a half space. The method is outlined by 
Harrington8 and developed in detail by Hemmen2. 
Briefly, the electric field e:z:isting in a waveguide aperture 
may be replaced by a magnetic sheet current which will in turn 
give rise to an electromagnetic field, E(r 0), given by 
(4) 
where r0 is the ve.ctor distance as :i.ndicated in Figure 4 and r' 
is the vector distance fron1 the origin of the coordinate system to 
·a point in. either aperture. Using the geometry in Figure 3 and 
considering the approximations listed earlier will reduce terms 
in equation 4 to 
r'= a x 
X 
&:'= a dXdY 
z 
E(r')== a: E y y 
1
- _,1 
r 0- r = r 0- :z:sin6 
In addition, the presence of only TEmO modes in the apertures 
allor.vs the integral over the plane of the aperture to reduce to 
the line integral 
'E.(fo)::::-vx (5) 
-If the integral is designated as F~ Fxa , such that E(r 0 )~-VxF 
.· X 
11 
and F is converted to spherical coordinates, then E(r~)= a¢E¢(8) 
and the final form of the integral becomes 
E (e)=cose 
4> '2.1T (6) 
Equation 6 relates the electric fieJ.d in either aperture to 
its far field radiation pattern. Because E is known only at y 
discrete points over the aperture, Simpson's rule was used to 
evaluate the right side of equation 6. Recognizing that E has y 
a magnitude and an angle, Ey=!EyiE-ja and applying Euler's 
formula 
-JSin ~~(ro .. xsi.,e)r ct]}4~ (7) 
The integral may be broken into two parts, designated by 
such that 
12 





·Now applying this last equation to the aperture array, each 




where E¢1 (8) is due to aperture Ill, E¢2 (8) is due to aperture ff2. 
The computer program used to evaluate E¢T(8) can be found 
in Appendix II. Input data consisted of the aperture electric 
field amplitude and phase, measured in 19 discrete points act·oss 
each aperture. In addition, the program used linea~ interpolation 
to generate an additional 18 points to permit greater accuracy 
in the Simpson integral. The distance r 0 was set at 0.81 meters, 
which l.s also the amount of physical separation between trans-
mitting and receiving ant~nnas. The results will be discussed later 
as will the measured radiation patterns. 
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IV. EXPERIHENTAL -RESULTS 
A. APERTURE 
The aperture field, for all values of dielectric constant 
listed in the Introduction, had been previously measured by 
Hen~en2, but the availability of improved equipment presented the 
opportunity to check and improve upon his results. Figure 4 
diagrams the test sets used, one for amplitude measurements, 
another for phase measurements~ with excitation of the unloaded 
in the dominant TE10 mode at a frequency of 10.0 GHz. The 
improvements lie in a new variable attenuator, which i.nttoduces 
no phase shift with changes in attenuator settings, and in the 
new coaxial cable lead from the aperture probe, which has improved 
RF shielding. The ground plane-aperture probe equip~ent was 
constructed by Blumberg and is described in his thesis1 . 
Amplitude measurements were made by moving the probe across 
the aperture and reading the VSWR meter in dB. Re.ference, o:r: 
zero dB, was the center of an unloaded aperture. 
Phase measurements were more involved. The center of an 
unloaded aperture was chosen as a reference point of zero degrees 
phase shift. To find the phase reference point, a 20 dB directional 
coupler provided a reference signal as indicated in Figure 4b. A 
precision variable attenuator and the position of the slotted 
line probe along the slotted line were both adjusted so that the 
reference signal was equal in magnitude and 180° out of phase 
with the signal picked up by the aperture probe. This resulted 
-Ground Plane 
RF 





a. AmpH.tude test set 
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in a null reading on the VSWR meter. The position of the slotted 
line probe, representing the reference, was then recorded. The 
phase at any other point in the aperture was read by repeating 
the above procedure. The change in position of the slotted line 
probe from the reference point gave the relative phase shift. 
Because determination of the aperture field was not a main 
objective of this thesis, data was not taken for all dielectric 
inserts available. But in order to establish the validity of 
equations 7 and 11 data was taken for two inserts, K= 3, and K~ 8. 
This data is contained in Appendix III and is plotted in Figures 
5, 6, 7, and 8. These figures show the higher order TF~0 modes 
resulting from the presence of the dielectric inserts. Figure 5 
indicates that K::: 3 introduces a TEzo mode, along with the fund-
amental TE 10 source mode, which is confirmed by the phase shift 
pattern., Figure 6. If a pure TE20 mode were present, the two 
lobes of Figure 5 would be 1800 out of phase in Fi.gure 6, but 
the presence of the TE10 mode affects this. The two lobes are 
approximately 1600 out of phase. The shape of the curves in 
Figures 7 and 8 i.ndicate that TE 10 , TEzo, and TE30 mode.s are 
all present in the aperture field. In addition, Figures 5 and 7 
indicate that the energy tends to concentrate in the region where 
the dielectric is thickest. This point is discussed in detail 
by Harrington8 for the case of rectangular shaped dielectYic slabs 
in 'vaveguides . 
One further aspect that will be used later is that of phase 
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Figure 8. Aperture field, phase, K=8 
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entirely in the TE20 mode, or in TE1o and TE20 modes with the TE20 
mode much stronger. For these two cases the phase shift, with 
respect to the reference, should be constant across the aperture 
except when another lobe appears, at which point a jump of 180° 
will occur. Figure 6 illustrates this last property very well, 
and the curve exhibits only small fluctuations about a constant 
value for each lobe. On the other hand, the curve in Figure 8, 
in which no mode appears to dominate, is not constant, but has a 
rather steep slope. This is referred to as phase error, and has 
an important effect upon the radiation pattern. This will be 
discussed later in the thesis. 
B. :E'AR FIELD PATTERNS 
The aperture feed sys·tam is diagrammed in Figure 9. The 
indicated ground plane is a 2' X zr copper plate which is designed 
to mount flush with the infinite ground plane of the anechoic 
chamber. The function of the variable attenuator is to reduce 
the povTer level in order to make the crystal detector of the 
receiving system operate as a linear device. This point is 
discussed £urtl1er in Appendix I under improvements in the anechoic 
chamber. 
The hybrid junction is fed through the H-plane arm, which 
allows the two output signals to be equal in magnitude and in 
phase with each other. The E-plane arm is terminated in the 
characteristic impedance of the waveguide in order to eliminate 
reflections back into the junction. 
RF 
OSCILLATOR ISOLATOR I II I 
AR.IABLE 
.TTENUATOR 
ISOLATOR! II I 
WAVEGUIDE 
IMPEDANCE 
HYBRID I JUNCTION! 
L.____ t 
I II I ISOLATOR 
Ground Plane 





The isolators keep reflected energy from the apertures 
from reaching the hybrid junction and mixing with the incident 
energy. 
An important requirement was that the fields at the two 
apertures of the unloaded waveguides should be in phase, which 
meant equal electrical path lengths from the hybrid junction to 
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the apertures. While the system was designed with this in mind, 
a physical check of distances was not necessarily good enough. 
The check used was to compare the measured far field pattern with 
the pattern predicted by pattern multiplication. The results, 
shown in Figure 10, indicate that negligible electrical path length 
difference was present. Diffe.rences would appear in a shifting of 
the positions of pattern nulls and maxima, neither of which is 
present in Figure 10. The third curve in the figure is that 
predicted by equation 11. It can be seen that equation 11 becomes 
inaccurate away from the main beam, a characteristic observed by 
others12, 
The measured gain of the unloaded array over a single unloaded 
aperture was 1.2dB. 
The ultimate aim of this thesis was to implement a scanning 
array by varying the permittivity of the inserts placed :i.n the 
apertures. Two arrangements were selected for study in this thesis: 
1. Parallel. The dielectric constants were varied in unison, 
taking on values pf K= 1.7, 3, 4, 5, 6, 7, 8, and 10. 
2. Push-pull. One aperture began with an insert of value 
K= 1. 7, the other with !(::o 10. The first aperture insert >oms then 
\\' . \ Predicted Using 
L \-Measured Aperture 
\ ; I 
\ Data 
\I 
I IX1 \ I '>;;I \ 
-lo T ci \ /\ If , r (/) fl -12 . ~ \ . E-4 ~~ I I -14 l :3 I~ 
\I -16 + I tf 
-18 1 
I I I 
! 
-80 -70 -60 -50 -40 -30 -20 -10 0 10 20 30 40 50 60. 70 80 
ANGLE,DEGREES ~ 
w 
Figure 10. Radiation pattern, K1=K2=1 
raised in value while the second was lowered. This procedure 
resulted in pairs of value K= 1.7-10, 3-8, 4-7, 5-6, 6-5, 7-4, 
8-3, and 10-1.7. 
Before analyzing these tt.;ro cases, it will be helpful to 
have available the radiation patterns of an individual aperture. 
These patterns are presented in tabular form in Table I and are 
reproduced f~om Hemmen2 with his permission. All patterns are 
referencGd to a single unloaded aperture. 
1. Parallel Case 
Figures 11 through 18 show the field patterns measured in 
24 
the ane.choic chamber. The m.easured da·ta is presented in Appendix IV. 
All patterns have their point of maximum radiation referenced to 
zero dB, ~vi th the scale factor listed on the figures giving the 
measured loss in gain from the unloaded array of Figure 10. 
A study of the patterns shows that certain characteristics 
appear to hold for all patterns. Maxima occur approximately at 
0°, ±30°, and ±64°; nulls at ±14°, ±48° and ±90°. ForK= 1.7 
through K::= 5 the main beam is the lobe centered at 0° while for 
K= 6 through K=- 10 the main beam shifts to the lobe centered at 
about 30°. This characteristic is a direct result of the shape 
of the patterns of the individual apertures. A study of Table I 
Will show that all of the individual patterns are Skewed tOivards 
the posi t:i.ve angles, ~vith the higher permittivities causing the 
greatest amount of skewing. 
In several instances it is not clear which of several major 
lobes is the main beam. For discussion purposes in th:i.s thesis 
25 
TABLE I 
FAR FIELD PATTERNS OF SINGLE APERTURES 
Angle~ Field Intensity in dB 
Degrees 
K= 1.7 K= 3 K= 4 K= 5 K= 6 
-90 -28.5 -32.0 -26.Lf -26.8 -34.0 
-85 -31.0 -27.3 -27.1 -24.9 -.33.0 
-80 -24.4 -23.4 -22.3 -20.4 -30.5 
-75 -20.7 -19.1 -18.5 -16.7. -27.7 
-70 -17.8 -16.1 -15.3 -13.6 -25.2 
-65 -15.7 -14.5 -13.6 _:11.7 -23.4 
-60 -13.4 -12.7 _:11. 9 -10.3 -22.3 
-55 -10.9 -10.4 - 9.2 - 7.8 -21.4 
-50 - 8.9 - R.8 - 8.0 -- 6. 7 -20.4 
-45 - 7.9 -- 7.9 - 7.0 - 6.0 -20.0 
-·40 - 6.8 - 7.3 - 6.2 - 5.2 -19.9 
-·35 - 4.7 - 5.8 - 4.6 - 3.8 -19.5 
--30 - 4.2 - 5.4 - 4.2 - 3.7 -19.2 
-25 - 4.1 - 5.6 - 4.0 - 3.8 ·-19.8 
-20 - 3.3 - 5.4 - 3.8 - 4.2 -20.3 
-15 -· 2.7 - 5.2 - 3.1 - 4.1 -·19 .4 
-10 -· 1.3 - 4.6 - 2.2 -· 3.3 -18.8 
- 5 - 1.5 - 4.7 - 2.4 - 3.9 -18.2 
0 - 1.6 - 4.6 - 2.4 - 4.2 -17.7 
5 -· 1.6 - 4.5 - 2.3 - 4.3 -16.6 
10 - 2.1 - 4.5 - 2.2 - 4.1 -16.0 
15 - 2.5 - 4.7 - 2.3 - 4.2 -15.7 
20 - 3.9 - 5.1 - 2.8 - 4.4 -15.5 
25 - 4.2 - 4.9 - 3.0 - 4.4 -15.2 
30 - 4.8 - 5.2 - 3.3 - 4.5 -14.2 
35 - 5.8 - 5.0 - 3.5 - 3.9 -13.8 
40 - 7.5 - 6.4 - 4.8 - 5.0 -14.3 
45 - 9.4 - 7.4 - 5.8 - 6.0 -15.1 
50 -10.8 - 7.8 - 6.5 - 6.5 -15.5 
55 -12.0 - 8.7 - 7.3 - 7.9 -15.9 
60 -·14 0 7 -11.0 - 8.8 - 8.5 -17.2 
65 -16.7 -13.1 -11.3 -10.7 -19.0 
70 -18.8 -14.6 -12.8 -12.2 -20.7 
75 -21.5 -16.6 -15.1 -14.5 -22.7 
80 -25.2 -20.0 -18.0 -17.3 -25.6 
85 -·28. 7 -25.2 -23.3 -23.1 -30.5 
90 -33.0 -30.5 -·31.5 -·26. 2 -33.5 
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TABLE I(con't) 
FAR FIELD PATTERNS OF SINGLE APERTURES 
Angle, Field Intensity in dB Pattern of 
Degrees Two Isotropic 
K= 7 K= 8 K== 10 Pt. Sources, dB 
-90 -31.0 -32.0 ...:31. 3 0.0 
-85 -30.0 -33.0 -31.0 0.0 
-80 -28.5 -32.5 -25.3 0.0 
-·75 -24.8 -31.0 -21.5 - 0.2 
-70 -22.9 -30.0 -19.2 - 0.7 
-65 -21.9 -29.2 -17.6 - 1. 7 
-60 -21.5 -28.0 -16.2 - 3.7 
-55 -20.0 -29.5 -14.6 - 7.8 
-50 -19.5 -32.0 -13.5 -19.6 
-45 -17.6 -31.5 -13.9 -11.2 
-40 -16.8 -32.0 -13.8 - 4.6 
-35 -12.9 -33.0 -14.7 - 0.9 
-30 -11.2 -26.5 -16.3 0.0 
-25 - 9.4 -23.0 -19.7 - 1.1 
-20 - 7.5 -19.7 -25.4 - 5.3 
-15 - 5.9 -17.0 -23.0 -25.6 
-10 - 3.4 -14.5 -16.6 - 6.7 
- 5 - 2.8 -13.3 -13.2 - l.lf 
0 - 2.2 -12.0 -10.9 0.0 
5 - 1.3 -11.1 - 8.6 ...: 1.4 
10 - 1.2 -10.1 - 7.2 - 6.7 
15 - 1.1 -· 9. 3 - 6.2 -25.6 
20 - 1.8 - 9.2 - 5.9 - 5.3 
25 - 1.8 - 8.5 - 5.5 - 1.1 
30 - 2.3 - 7.9 - 5.3 0.0 
35 - 2.7 - 7.4 - 5.1 - 0.9 
40 - 4.3 - 8.0 - 6.3 - 4.6 
45 -· 6.0 - 8.8 - 7.4 -11.2 
50 - 6.9 - 9.0 - 8.0 -19.6 
55 - 7.9 - 9.6 - 9.2 - 7.8 
60 --10 .. 4 -10.0 -10.8 - 3.7 
65 -·12.6 -12.6 -12.8 - 1.7 
70 -14.7 -14.2 -14.9 - 0.7 
75 -17.2 -16.6 -17.4 - 0.2 
80 -20.3 -19.7 -20.2 0.0 
85 -26.0 -24.7 -25.8 0.0 
90 -32.5 -32.5 -33.0 0.0 
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the main beam -.;..rill be designated as the lobe having maximum field 
intensity, and will be indicated on the figures. The effects of 
other major lobes of almost equal intensity as that of the main 
beam will be included in the discussion of scanning arrays. 
The filling in of nulls and deforming of lobes present in 
the patterns for the higher permittivities is due to phase shift 
errors existing across the apertures. Silver9 analyzes three 
types of phase errors; linear, quadratic, and cubic, and notes 
that the effect of phase errors upon the radiation pattern is a 
filling in of nulls and a raising of side lobes levels. Figure 
18 probably best illustrates the effects of phase errors. 
The shape of all patterns for the parallel case may be easily 
explained by pattern multiplication. Briefly, the principle of 
.pattern multiplication states that the far field pattern of an 
array of two identical antennas is given by the pattern of one 
antenna multiplied by the pattern of two isotropic point sources 
separated by the same distance as the two antennas in question.13 
The array pattern of two point sources separated by a 
distance of two wavelengths is listed in the last column of 
Table I. To find the pattern of an array of two apertures, merely 
add (field intensities are in dB's) the field intensity for a 
single aperture from Table I to the field intensity of the array 
pattern, repeating for each angle. Figures 11 through 18 also 
contain the patterns obtained by pattern multiplication. The 
main differences between measured patterns and those predicted by 
pattern multiplication is in filled nulls and higher sidelobes 
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for the measured case due to phase errors. 
2. Push-Pull Case 
For the push-pull case the measured radiation patterns are 
shown in Figures 19 through 26, and are plotted from data found 
36 
in Appendix IV. They can not be checked by pattern multiplication, 
since the two apertures are not identical, but instead the total 
field must be found by adding toge.ther the far field contributions 
from each aperture. 
Maxima will occur whenever the fields of the two apertures 
are in phase. The intensity of each maximum will depend upon 
the magnitude of the two electric field phasors at that point. 
As an example, consider Figure 25, which is for K1= 8, K2= 3. 
Examination of the individual patterns for these two dielectric 
constants, given in Table I, indicates that K~ 3 produces a 
pattern whose magnitude is fairly constant over a large angle 
and is fairly symmetrical about the origin, but K= 8 produces 
a pattern whose magnitude is less than that of K:::: 3, and is 
skewed much further towards the positive angles. Thus the tendency 
would be for the major lobe to be at a positive angle, the exact 
angle a function of the phase of both fields. Other lobes appear 
at additional angles where the fields are in phase, but the maximum 
intensity is lower because the intensity of the individual fields 
has decrease.d. 
The phases of the electric fields discussed in the previous 
paragraph are due to path length differences to the far field 
(q and rz in Figure 4) and the phase distribution across the 
37 
apertures. Figure 20, and Figure 25, which are for the same two 
dielectric constants, with only their positions switched, are 
good illustrations of the interplay between path lengths, aperture 
distributions, and the position of the main beam. 
3. Predicted Patterns 
Three radiation patterns were predicted by equation 11, 
using measured aperture data. One pattern has already been cited 
in Figure 10, the other two are included in Figure 12 and in 
Figure 20. 
In general equations 7 and 11 tend to give a fairly accurate 
picture of the general shape of the radiation pattern, but does 
not give excellent information as to the exact location of side-
lobes or nulls. They may also give misleading information as to 
which of two major maxima will be the strongest. Other authors12 
have indicated that, for a given number of data points, Simpson's 
rule is not necessarily the best nt~erical integration technique 
available to apply to an equation of the form of equation 7 and 
have suggested other methods. Also, improvements in the aperture 
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Figure 25. Radiation pattern, K1=8, K2=3 
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V. SCANNING ARRAYS 
The purpose of this thesis vras to determine the feasibil::i.ty 
of varying the pennittivity of a dielectric in order to scan the 
main beam of a radiation pattern electronically. The parallel 
case discussed earlier would not be suitable, as the main beam is 
always at either 0° or 300, but the push-pull case offers much 
more hope. 
Consider Table II, which lists the position of the major 
lobe and the first sidelobe on either side of the major lobe, and 
the intensity of the sidelobes, for all of the push-pull patterns. 
Inspection of colunms one and two of Table II indicates that 
scanning is not linear with changes in permittivity and that only 
one angle, 10°, is repeated. The scanning possibilities may be 
more easily seen in Figure 27 which presents the information 
found in Table II in graphic form. In Figure 27 all major lobes 
are normalized to the same level and each major sidelobe is 
placed at the proper level below its main beam. The use of 
main bea~s and major sidelobes as indicated in Figure 27 would 
permit a 600 scan angle, from -15° to +45°. 
The high sidelobes will cause a certain amount of ambiguity 
as to the position of the detected signal. For example, suppose 
the array for K1=8, K2=3, detects a target. The high sidelobe 
will cause the target to appear to be at either 10° or 40°. A 
method of eliminating the ambiguity might be to check the phase 
of the received signal, as the main beam and the high sidelobe 
are 180° out of phase. Another method might be to switch to the 
47 
array having K1=lO, K2~1.7, as the main beam of this array covers 
the same region as the main beam of the first array, but the side-
lobes cover completely different regions. 
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TABLE II 
POSITION OF MAIN BEAM AND ADJOINING SIDELOBES 
OF INTENSITY EXCEEDING -1 dB 
FOR PUSH-PULL OPERATION 
Position of Position and Intensity 
Array Main Beam, of Major Sidelobes 
Degrees 
Left Right 
1.7-10 18 None None 
3-8 21 None None 
4-7 23 -10' -0.2 dB None 
5-6 28 -2o, -0.4 dB None 
6-5 30 20' -0.5 dB None 
7-4 4 None None 
8-3 10 None 40°, -0.5 dB 
10-1.7 10 -12°, -0.6 dB None 
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Figure 27. Major beam positions, push-pull operation 
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VI. CONCLUSIONS AND RECGr1MENDATIONS 
The use of an attenuator known to be free of phase shift and 
a cable having better RF shielding has yielded vastly improved 
measurements of the electric field existing in the aperture 
loaded with a dielectric insert. 
The improved aperture data yielded a predicted far field 
pattern which was much more accurate than that obtained from 
previous aperture data, although the patterns obtained are still 
only good for a general shape, and not specific points. 
Scanning of the far field radiation pattern has been shmvn 
to be feasible. A "push-pull" n1ethod of varying the dielectric 
constant can provide a total possible scan angle of up to 60°, 
while a "parallel" scheme can steer the main beam to only two 
angles, 0° and 300. 
Several possible areas suggest future work. Different 
schemes for combining dielectric constants in order to obtain 
a wider scan angle might be tried, or flipping one of the 
dielect:dc inserts around might also yield a scanning scheme. 
Also, a dielectric whose permittivity could be varied is needed 
if a practical array is to be considered, 
The placing of two apertures at right angles to each other, 
fed >vith currents goo out of phase, might possibly lead to a 
circularly polarized array. Scanning of this array, while re-
taining its circularly polarized characteristics, might be 
achieved in the same manner as was scanning in this thesis. 
50 
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Anothe.r obvious area needing more work is the method of 
measuring the aperture field. Better aperture data could possibly 
lead to a theoretical analysis of an array of many apertures. 
A good ar~·ay to analyze in this manner would be a nonuniformly 
spaced array, which would be a method of eliminating grating 
lobes. 
Lastly, an anlaytical method of obtaining the exact aperture 
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APPENDIX I 
THE ANECHOIC CHAMBER 
The anechoic chamber is an enclosure designed to permit the 
testing of antennas in a relatively small area. Ideally, antennas 
transmit into free space, with only an outwardly traveling wave 
present. The chamber presents an artificial free space to the 
antenna by absorbing all incident energy on its walls, and reflect-
ing none back to the antenna. 
The anechoic chamber used in obtaining all far field patterns 
presented in this thesis was constructed by Blurnberg1 as a thesis 
project, who noted the existance of standing waves within the 
chamber, and the effect they had upon the radiation pattern. 
While he was not able to eliminate the standing waves or determine 
their cause, he was able to show that they were not due to 
reflections from the absorbing material used to line the chamber 
walls. 
As a starting point, the receiving horn in the chamber was 
considered. Standing waves could be caused by: 
(1) Reflections from the metal surfaces of the horn. 
(2) Reflections due to mismatch of the horn with free space. 
Of these, (1) was eliminated because there -v;as no surface of the 
horn placed in such a position as to reflect energy back to the 
infinite ground plane. To investigate (2), four horns were 
considered: 
56 
Horn Aperture Dimension 
1 7.4x6.5 em 
2 same as 1. with small flange 
3 11.25x8 .4 em 
4 2 .28x1.04 em 
X-Band waveguide(EIA designation WR-90) was used in transferring 
the received signal from the receiving horn to the crystal 
detector outside the chamber. 
The far field pattern of an unloaded aperture \'Tas measured 
using each of the above horns. The results, given in Figures 28 
through 31 show the presence of standing waves. The standing 
waves appear as fluctuations on what should be a smooth curve, but 
most important, the fluctuations occur at different points for 
different horns, indicating that the standing waves are quite 
possibly a function of the input impedance of the horn. 
Accordingly, horn 1!3 was selected for further study, and a 
three-screw tuner \vas placed behind it and tune.d to satisfy 
different criteria: 
(1) The far field pattern was to be as:.smooth as possible 
(Figure 32). 
(2) Maximum power was to be transferred to the detector 
(Figure 33). 
(3) The horn was to be tuned to an impedance match yielding 
a VS~iR in the waveguide of 1.03 or less(Figure 34). 
While definite improvements "tvere noted in all cases, standing 
waves were still evident, indicating another source existed. 
Accordingly, the detecting crystal was matched to the waveguide 
57 
to a VSWR of 1.08, and criterion (3) repeated. Additional 
improvement was noted, but the pattern was still far from ideal, 
see Figure 35. 
Matching of the crystal had resulted in a 20 dB increase in 
the received power level, and it was feared that the crystal was 
operating as a nonlinear device. Accordingly, a 20 dB reduction 
in received power was effected by reducing the power available to 
the transmitting aperture. The improved pattern is shown in 
Figure 36 along with the pattern from Figure 30. 
Finally, Figure 37 contains three curves; the far field 
pattern as calculated from an assumed aperture distribution; 
as calculated from a measured aperture distribution; and the 
measured pattern in the improved chamber. 
In sun~ary, the standing waves were due to mismatch of the 
receiving horn with free space, and the use of an untuned crystal. 
Correction of these two points necessiated a reduction in the 
radiated power in order to keep the crystal operating as a linear 
device. The end result is a much improved 8.nechoic chamber in 
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Figure 28. Characteristics of anechoic chamber receiving system, horn #1 
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Figure 29. Characteristics of anechoic chamber receiving system., horn 112 
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Figure 30. Characteristics of anechoic chamber receiving system, horn #3 
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Figure 31. Characteristics of anechoic chamber receiving system, horn #4 
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Figure 33. Characteristics of anechoic chamber receiving system, horn #3 
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Figure 35. Characteristics of anechoic chamber receiving system, horn #3 
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Figure 36. Characteristics of anechoic chamber receiving system, horn #3 
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,10 -( .. ( -O.b +0.4 -o.s -I.Z. 
-/1) -/.IS" -0.~ -0.7 -0.7 -l.l. 
IZ. 
-I-I -d.4 -0 . ..3 -o.s- -1.3 
-JZ -0. s -OA· +O.Lf +O.S~ -1.3 
11- -t~ -C. 7 -(). f -o.4 -lA -J4 -/.2- -0.7 -0.4 -0.7 -/.If 
/f.t> -l.S" 
-I. I -0.4- -0.~ -/.'? -J(o -2.3 -/. (o -0.? -o.9 -l.'t 
Jf 
-2.2- -/.5' -0.7 -1.4- -2.6 -18' - 2.(:, - 2..1 -/.2. -/.s -2.(:, 
z.o :_2._~ --z.o -I-t -2.-f -2..b 
- z,o _z_G, -1.'1 -l.fo -/.() -2.~ 
z.z.. -z.. c:; -2.3 -I.C::. -;.r -:?.0 - z.z. -.S.o -2.4 -f. cr ~2.0 -$,0 
Z4 -3.3 -2.b -l.t 
-2.2 -3.4 -24 -3.1 -2.." ~2..2- -24- -~.1-
'Z." -?..4 -2..G --2.2. -z.s -3. ~ -u. -3.3 -2.S' -2..4 -2.4 -~-~ 
z)' 
-3..3 -3.0 -2.4 
-2.7 -1:4- -z¥ -l,_q -s./f -3.0 -~.0 
-t4 
30 ...t'f;o -3./ -2.. ~ -2.S 
-1:7 - ~0 -3.C. -1.2.. -3.o -Z.J -4.7 
~2. -4;0 -3.4- -'3.0 -2.8 -4:~ -32. -4:0 -3.&' -.5. 4 
-3. 2. -f.' 
~4· -'f.z -'3.5" -3.2 -z..s: -s:z -3i -5.1 -3. 2. -3." -2.3 -5':2. 
a co -t.4 -3.G:, -"3.4 -z.q -~;' -3"- -f;S' -1-.o -3.'i -3.1 
-S.S' 
33 -+.8 -1-.-f -'/-:.0 -3.? -Ce,.o -38 -4-- G:, -4.3 -1-.s- -3.7 -~.0 
4o -5:7 -SA -4-.5' -~o -~-~ -"fa -S: 'i -s:. 'lS -s .. 2 -f.q -(,.<.-
4z. -<0.2. -5:6 -·S:S -f.Y -?.tp -4-c -G..<t -t..3 -G. I -<,. 7 -7.Ct, 
4'(- -7.3 _G,_ (, -~- 2. -rc. 4 - b'.4- --q4- -7.9 -7.3 -7.0 -7.4- -8.1-
~ 
-7." -7.Z -fa. y -?,2... -~.~ -% -!.4 -z~ -7.7 -)J. 7 .... j.'t 
··1-1 -J.f -75' -7.S,, -(,_ Cj -~.3 -4-3 -N.4- -7. Co -5',0 --1.3 -9.3 
so -J .1 -tt -7. 'I -7.9 -5'0 -~-~ --7. '1 -L7 -7.0 
S2 -~.2 -~.S' - ~-S' -?. 3 -S'Z -~.z. -~.4 -Y.'i ~(,.7 
S"f 
-CJJ -~ .S' -9.0 -7.9 -~'f -JtJ,z, -~.S -~. s- -~.9 
Sb -CJ. Co -9.1 -Cj_ ~ -';/_(, - s-6 -/t1,5' -9.8 -/0.4 -Clf.3 
S'f -/0,3 -9.7 -~- <=t -~.'1 -()'/ -11. z. -/0.2- -t/.3 -Cf.7 
bO -1!.5' -lo.9 -/0. '¥ -lo.~ - bO -/Z. 2. -//.0 -12.6 -II. 9 
t;,S -/j.f.o -13.0 -13.S' -11 .. 7 
-C:.S' -IJ.i -/3,2. -14~ ~- -11.7 -
70 -1 s:to -/.S:O -IS: 4 -15. 2. -7o -16. f -IS:S"' -/c.. S" -13. s 
1S' -1r. -z. -rz. Co -IV, z. -n.o -75' -l~.lf -IJ,I -1}.:? --/6.S -
80 -Z../.2 -Zo.l -2./. fo -17. s -fo -2.3.4 -2/,b -23,0 -1?. b 
69 
('II') 
--:- lf'\ \.0 
""' 




('t) l""l C""') 
Cl.l QJ QJ QJ QJ C1l QJ C1) J.f J.l ~ J.l 1-1 1-1 1-1 1-1 ::1 ;:1 ;:1 ::I :;:J ::I :;:J :;:J tiO bJJ bl) bJJ bl) bl) bl) bl) ·~ -rl -rl -rl -rl ..-1 ..-1 ... ~ ~ S:"'i 1%.1 t:r~ 1'<1 r:r.. r:r.. 
lh;'4 Jl3 clB dB elf? IJ.,.,,~c. dB JB riB c/8 
0 o.o 0.0 o.o o.o 0 o.o o.o 0.0 0.0 
2 -0,2 -o.z. -CJ. '2. .:..o.z 2 -O.z.. ~o.os- 0.0 -0.{ 
4- -D.b -o.s -o./0 -oA· 4- -O.S -0.7 -o.s- -o. q. 
0 -o.Cf -/.C) -l.o -0.6 
" 
-l.~ -l? -/.2 -o. fa 
f -lz -t.q -1.4- -0. ~ i 
-/.1 -Z-~ -·/.Z. -0.1 
/0 -L3 -/.'1 -/.3 -0.4 ID -/.S' -1.~ -/.1 -l.o 
/Z -t7 -z.o -/.8 -/.0 /Z -I. 7 -z... 2.. -/. '1 -0.8 
14- -/.7 -l..) -7.._1 --ho 14 -I. g -z.. 3 -2..0 -Lz. 
/t. -/,r -2..3 -l.'i! -/.o /6 
-2..2.. 
-2.." -z..s -t.s 
IK -2.0 ~-~ -2.. 't. -1.2. /y -2.Y -~.2. -:S.4 -l.o 
'ZO -2.10 -5.3 -3.2. -2..0 . ~l> -s.r -3. c. ·-~.7 -l.4 
''Z:/. 
-3-1 -3.S -3.4~ -2...1 t.:z- -1.4 -3.7 -3. C) -l.'l· 
2.4-
-3.2. -3.3 -3.! -2.3 ZA· -l.7 -4:1 -"7-.4 -2.7 
Z6 -?.~ -4A~ -+.s- -2.G:. u -3.'1 -4.!.) -~o -3.1 
Z:Y . -?.1 -1-. g -S"'-0 -Z..Cj Z.l' -4:4 -s:o -S". &" -3.5" 
so -4:.2 -s.o -S:~ -~.2 Jo -4:.7 -s·. ~t -G,.3 -3. 'I 
3Z. -4:S' 
-s:4 -fa.{ -?.s ~z -4.1 - S'". ~ -G. t:f -.3.. t 
J4 -4-.b -':>~S" ~~.3 -3.~ .lf -s:o -~- Cf -G,. & ..... ·.v 
'36 -s:c 
- S". '& -fe..7 -3_q J(.. -S.4- -~-' -?.0 -~3 
3S' 
-S:3 -G:,.z -"l2 -if2 JY _,_o -G.'i' -7.9 -S~o 
40 
-s.t 
-".If -8'.0 -1:. ~ 4<J -b.-3 -7.2. -~- {o -s-.s 
41. _(,_.~ -7.4 -9.o -S:C::. 4-z, 
-7. -f -8. 2. -~r -~.4 
44- -7.3 -z.~ ·-/0.2, -fo.3 44 -~.I -8.9 -11-0 -7.1 
~ -Y .. o -t.g -II. I -?..o 46 -?.6 -·1.C, -//.9 -7.7 
41 -\'".10 -~.fa -l2.2. -7.~ 4f -r.cr -10.0 -12.3 - ?.1 








/DO -/Z.'!J -/6.1 -{/.0 '0 -11." -/7.0 - tz../ 
65" -IS. z. -1$ .C? -11.2 6!>- _,,_ z. -2.0. () -lf..tr 
70 
-17.G -2/.4 -IS.S" i'o -1 t.o -2..1. '1 -/G.Z.. 
7-s' - z.o. z -2f:o -17.~ tl~ -u.o -2.4: {:, -t'f.o 
r-o -Z3,f -21.0 -2o.Y ro -ZS.6 -Zf. 7 - Z.:z.. .7 
70 
APPENDIX II 
The computer program used to evaluate the far field radiation 
pattern from measured data. 





















DO 70 1::::1,37,2 
E(I)=lO.O**(E(I)/20.0) 
F(I)=lO.O**(F(I)/20.0) 
ZETA(I)= ('\IW-ZETA(I)) *90. 0/5 7. 296 
70 ALPHA(I)=(VV-ALPHA(I))*90.0/57.296 
DO 220 1=2,36,2 
E(I)=(E(I+l)+E(I-1))/2.0 
F(I)=(F(I+l)+F(I-1))/2.0 
ALPHA(I)= (ALPHA(I+1)+ALPHA(I··1)) /2.0 
220 ZETA(I)=(ZETA(I+l)+ZETA(I-1))/2.0 
















DO 40 J=l,35,2 
TERHl=TERMl+SUlvJPC (J)+4. O*SUMPC (J+ 1 )+SUMPC (J+2) 
TERH2=TER.i'12+SUJ:.fNC (J)+4. O*SUHNC (J+ 1 )+SUMNC (J+2) 
TERH3=TERM3+SUMPS (J)+4. O*SUMPS (J+ 1 )+SUMPS (J+2) 









GO TO 99 
105 FLDNP(I)=-ATAN(TERM4/TERM2) 
99 FARPX(I)=FLDPN(I) *COS (FLDPP (I) )+FLDNM(I) ~~COS (FLDNP (I)) 
FARPY(I)=FLDPH(I) *SIN(FLDPP (I) )+FLDNM(I),'<SIN(FLDNP (I)) 
FARP (I) =SQRT (FARPX (I) **2+FARPY (I) 1~*2) 
THETAP=THETAP+0.03491 
10 DEGREE(I+1)=DEGREE(I)+2.0 
DO 120 I=1,89 
120 C(I)=FARP(I) 
GAM=C(1) 
DO 49 I:;:2,89 
IF(GAM-C(I))48,49,49 
48 GAH=C(I) 
. 49 CONTINUE 












200 FORMAT(lH1,2X'EPSILON Rl ',F6.2,5X, 'EPSILON R2 ',F6.2) 
300 FORMAT(IOF6.2) 
400 FORNAT(4F10.3) 






The preceeding program was written in FORTRAN IV, as used 
by the University of Missouri at Rolla, Computer Science Center. 
To use the program, data must be added in the follo'tving order: 
(1) The number of arrays to be considered, according to 
FORMAT 100. 
(2) The dielectric constants, according to FORMAT 600. 
(3) The magnitude of the field for aperture #1, in dB, 
according to FORMAT 300. 
(4) The phase of the field for aperture ttl, according to 
FORMAT 700. Data should be.in em, as read directly from the 
slotted line. 
(5) The phase reference point, in em, as read from the 
slotted line, according to FOID-fAT 800, for aperture 111. 
(6) Repeat (3), (4), and (5) for aperture #2, using the 
same FO~~T statements. 































































-Z2 £:> -12.1 
-l~{, -9.7 
-a~ ... 7.1') 
-2.'2.~ -eo.a 
.... 'Z z 'f 
-?. f:' 

























MEASURED FAR FIELD PATTERN DATA 
k,= /. 0 I. 7 3'.0 4-.0 s:.o 1<. ::::: /.0 I~ 7 3.0 ..,..0 S:o 
k2.-:::. l· 0 J~ 7 3.0 4~0 S:o kz= /.o /. 7 l.o .,.., 0 s-.o 
Rd. f'\oilr o.o -o.9 -3.9 -1.3 -1:3 
Rn~fe tiS dB JB cJ8 dB A~,l/: dB c:l8 ciB JB c/8 
0 o.o CJ.O o.o 0.0 o.o () 0.0 0.0 O-" o.o 0.0 
1 -o . .z -o.s: -a~ -o. 2- -0.2-- -2 -0.2.. -0.( -0./ -0.2- -0.].. 
G -/.7 -z. '2. -/.8 -1.5," -1.3 -5' -I. (i --1.3 -/.3 -J. 7 -/.6 
7 -3.1 -f. 2. -3.C:> -3.0 -2.~ -7 -'3. ~ -l.." -s.o -3.4- -~ • .2 
10 -7.2 --'t. if -7.7 -b./ -C.,.~ -lo -7. s.- -S'., _,_" -7..10 -l-1 
/?.. -11.9 -IS:3 -13. 2. -/2.2. -b . ., -fZ -11." -B.s -9.!> -/o.9 -11.2. 
IS: -3o.o -zo.J -2/.S -3o.o -20.2 -I~ -2s.o -zo.2. -21.0 -~0.0 -IS:. b 
17 -/.t'f.o -IJ.o -/o.o -12.C, -11.7 -11 
-1/.7 -If.~ -13.0 -;z.r.o-8.7 
%0 -G.. G. -s: ~ -4.2 -s: S' -S'~I -20 _,_" -?.e -G .4- -7..1 -"1-.3 
2.1. -s:o -4.0 --2-2. -.s. 0- -3.0 -n -.rr. s;- -fl.fc -~0 -(;.[ -2..7 
. u: -3-" -3' . .2 -O.Cf -2.1 -1.4- -zs· -3.4- -3.7 -1.8 -·3.3 -l.o 
Z7 -3.3 -3.2. -o.s -/.h ·-0. v -n -3.2.. -~.2. -1-1 -2..7 -o.s-
J.O -3-4 -3.7 --6.1 -/.S' -o.fo -lo -3.1 -z.o -0.7 -2.(, -0.4-
3l.. -"1-0 -4-.4- -o.l -I. a -0-7 -32.. -4-.o -3.3 -0.1 -2.8 -O.b 
3~ -:5'..3 -fe..o -2-1 -2.ct -1.! -a~ -5-.4· -4.2. -1.2. -3.€> -1-~ 
37 ~-+ -7..8 -3.2 -3.i -2..9 -37 _,_(;, --S:3 -·2.0 -1~~ -2.4-
4-0 _,_3 -1/./ -G.3 -fc..7 -S:2. -4-0 -9.5' -7.7 -3.K -fo.? -S.f 
4~ -IZ-..3 -/S".o -9.o -9.0 -7.7 -·1-2 -lz.4 -10 . .3 -s.? -1.o -B.J 
« -1~.1 --21-a -1'7.1 -.1{,. 3 -1~-0 -4S -J'?.S -1.:>.3 -lo. 7 -1s:2. -14-A 
4-7 -2(:,. 0 -3o.o -ZG·o -21.s -2s.o -4-7 -Z.ftJ.O -zo.z -IS: f -22. o -'ZIS 
so -24:0 -20.0 -IJ.'l -I''J. 2.. -/J'.f -60 -24-.S" -27.0 -.Jet 0 -2!.0 -/f.2 
sz -!.9.lc -17-0 .-16,b -/1:9 -/3.3 -SZ -zo.q -24--0 -2.1.2. -2.0.4- -14:2 
fS5' -1~., -IS:Z -e., -1/. f -~.td -65' -17. e. -ru -14-.1 -/(;,./ -/1.0 
57 -/S/1 
-14-.S' -7./ -/0.7 -9.2 --57 -/G.f -17..3 -II., -11:4 -9 . .6" 
(?O -Js.o 
-14:.3 -<D.~ -/0.() -7.6 
-"0 -Js.(:. -16-0 -10./ -12.£> -9.5" 
ltt2 -15".o 
-14-.4· -~.e. -9.7 -7.4- -~2 -IS.3 -IS:s"' -9.5' -l.z.s· -9.2 
'f: -15"".3 -IS'. 2. -7.2. -'1. 'f -7.4- -foS" -IS".~ -IS'~~ -9.3 -12.5' -8.4-
~7 -IS'.ft:, -/S',$" -7.S -/0. z -7.7 -fo7 -IG-0 -IS:9 -1.1- -12.$ -B. G:. 
"10 -/{,._6- -lb." -8.2 -/o.ct -8.4-
-70 -lf0.7 -1&.5 -(/, 7 -13./ -~1.0 
72 -17./ -t'f.O -72. -/7.3 -/0,3 -ls.'t -
7:!i' -18.3 -;B.o -/0.4 -/2.fo -10 .o -7-:i -/8.4 -B.S" -1/.4 -/4:9 -IO,C( 
11 -1/,{ 
-77 -12.4 -
eo -ZI. e -13.3 -IS. <1- -12..5" -So -zt.S -JS:.S' -11.2 -14:~ 
75 
k,= ,.0 7.0 ?.0 ;o. o ), 7 k,=: ~.o 7,0 r.o /0.0 /. 7 
K.~: bd') /.0 8'.0 jo.o /0.0 k -
-z.- b "" 7.o y. 0 /().() ftJ.O 
J&J. Aur. -JZ.. z. -2.4 -/0.9 -C.,. 4 -1.4-
R"''tl<!. c/8 Je dB dB JB {l ~'~1/.e. dB JB J8 ,/8 Js 
0 -3.4 -0.1 -3.2 :...1: (:, -5'. 3 0 -3 .4· -o.J -3.2 -4:-b -5'.3 
z -3.2 o.o -2.. q -4-.o -G,.o .-2 -·4.1 -o. f -1--o -S:f -4-.4~ 
5' -3. '}' -0.,3 -3.3 -'f. 3 -C.2. -6' 
-"'-4- -3.3 -(,. 2. -'i.z -t.o 
7 -S:l -l3 -4-·4- -sA· -S) -7 -~.2. -6.3 -ts'.o -/2.7 -1:.1 
/0 
-6.0 -f.S -7. z. -J j l.. -2.1' -to -/2.3 -/2 . .3 -/~0 ·-lt.z. -~..$-
IZ -/o.S" -?.fo -/0,.3 -/D. 2. -2..0 -12 -/S,S' -/c,.C, -11.3 -16,( -2.2 
IS -IZ.Z -'Zo.z. -2.0.8 -9.0 -O,S" 
-/5' -/f;..Cf -23.0 -23.<.:. -1/.(o -?A· 
17 -J.'l -13.3 -13.7 - G:.. 2. 0.0 
-11 -IS: 8 -1'3.'8 -14:4- -IIJ.t. --s./ 
20 --?A· -5.0 -Ct>.3 -2. ,C::, -0.4- -'tO -to,s- -/1.0 -/0, J --1-G -2. S" 
zz -2.2- -z .4- -3 . .3 -l..o -0.9 -z'2. -2.C:. -lo.(o -?.2. -9 . .3 -2.3 
ZS' -0.7 -0.5" -/.3 -o.S' -2.6 -'Z.S' -7. 4' -II- 3 - '8 .tf -9-o -2.3 
Z7 -o. :z.. -0.2 -0.3 -0.2- -1-.7 -z7 -~.Cf -/23 -I'.~ -8.1> -3.l. 
.io 0.0 ·0.0 0.0 -D. 0 -8.3 - zo -b.f -14:.3 -?.7 -7.8 -"f;z 
.Jl. -O.f -().!· -0./ -O.b -/3j -zz -(;,. 7 -/b.7 _,_ 2. -7.z. -'{;.S" 
z~ --1.3 -I .. 3 -0. CD -2.4- -2s.o -.lS" -?.l -19. r -10.3 
-"'. S" -7.4· 
37 
-2-" -2.3 -1..3 - ~.q -/K.o -17 -vc, -20. '3 -/o,9 -~ ·4 -/0,0 
+o -S:s' -4-. c -3.3 -l?.2 -/0.2 -4-0 
-'t.2 -20-7 -12.o -7~o -If.(:, 
4~ -f, 2 -"'l<O -S:"- -(2.4- -'l~ - 4-Z -11.2 -U.-3 -1!!.~ -j, C) -&.s 
+s- -IS.CJ -/4-.o -/2./ -2t>~o -6./ -4-s ~;s;") -z.t-0 -lfo.t -10,2, -lb. 'I 
4-7 -13.'8 -20.9 -1'1. P' -·IS. 7 -tS:I>' -47 -20.7 - 2 '2. 4- -17. 'I -/z.:s -1g.4 
~ -i:J.S' ~2./.0 -/7.0 -9.4- -S"~I -5'0 -U.o -2.4. 3 -17.S -Js-,9 -/0.'7 
S"l -7.C -/S:o -12.1 -7. S' -s.z. -:>!; -ZJ-2. -2S:3 --2.2..4· -19.'1- -·9.7 
"'S' -5"./ -/2.0 -8'.7 -b',lf -$'.b - '£>$ .. ,,,~ -Zf.S' -2G.o -2.:z....t -t-7 
57 --~. Cf -/0."; -{o.l -s:z.. -C../ -5"7 -11(-.4 -2.2.. 'f -'ZJ. 0 -z.o.-3 -8.'1" 
{pO -3.2 -I {),2. -5 .. Co -s-.o -7.0 
-"0 -tz."' ·- 'Z,/.f -z+.o -/G. t -t.fa 
G=o2. -3."2. -/o.o -S:3 -s-. z. -7.1 
-"2 -12-0 -20.,:,- -22. s- -IS:4- -f.! 
(OS" -~.4 -(0,2 - S", 2 -S:~ -9. .s' -r.,S -/(,(, -1"1.~ - 2.1.l/· -14-.0 -~fo 
&:,.7 --~. 8 -/o.S -s-.4 -k..z. -10. 'i -(o7 
-//.3 -1'1..2 -J5.C. 
?O --1-- 5' -1!.3 - 5','J -{.{ -IZ.7 -70 -//. q. -19-0 -1'1. 5" -13.3 -/0.9 
1?. - 5".3 -/2-0 -Co-~ -14:1 - 7 ?- - -1~.4-
1& -fo.S -13.3 -7. S' -'?·0 -/6.3 -?S -12.4 -/9,6 -/9. S' -13. 9 -1.$..0 
77 -7. (0 -l''f-J -3,(:. -77 
Yo -9. 2. -Jtt,.o -10.5' -12.1 - zo. Co - ~0 -/S.7 -23.0 -2.2. S" -/7,0 -I 7.2. 
76 
}(,':::' 3,0 4.0 6:0 (;,. (J 7.0 1::',:::- ~.0 4.0 s:.o ~.0 7·0 
k.2.= t~O 7.0 
"· 0 S,O -Cf-0 l<z.= i'. 0 7.0 6. 0 s .o '/-.0 
ld- Pw r. -G. · "2. -/~ (o -~ . '2- -7.~ -2.~ 
A .. ,r<- Js JB c/B dB J8 A .. ;Jo J8 JB J8 d.B Je 
0 -4-.4- -o.s -0.7 -o. e::, - o .q. 0 -4:4 -o . .s- -0.7 -0.~ -C-4 
L 
-G..3 
-1.4 -/.2 -0. S" -0. ( -z -$.0 -0.3 - (}.4- - 0.5' -1-4 
i-
-f.6 - 2..1 -2.. .( -0. c;, o.o -~ -2..4- _,_ 0 - o.(o _,_q -?.4· 
b -~.!>- -4:<) -3.3 -1.3 -0.5 -b -2.1- -2.C) -o.s -3.0 -5.2. 
F 
-l'." -L~ -~'l -2./ -1, 2. -v -Z.3 -~.1 -l.4- -3.'=> -~.z.. 
/o -C.. S" -/! .7 -~. 3 -2.. ~ 
-2 . . 4 -'/0 -z..o -G,. 3 -1.7 -~.G. -Ia. i 
/1. -5'./ -17.7 -.~. 3 -3.7 -s.ct 
-tz.. -2./ -~./ -2.3' -:?.4 -12 .3 
14- -l.O -/0.3 -1.2 -LJ:s - G-.2 
-14- --3.( -13.1 -1-.() -2.~ -1/.o 
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